Abstract The sequence of redox reactions in the natural environment generally follows the electron affinity of the electron acceptors present and can be rationalized by the redox potentials of the appropriate half-reactions. Answering the question how halogenated aromatics fit into this sequence requires information on their Gibbs free energy of formation values. In 1992 Gibbs free energy data for various classes of halogenated aromatic compounds were systematically explored for the first time based on Benson's group contribution method. Since then more accurate quantum chemical calculation methods have become available. Here we use these methods to estimate enthalpy and Gibbs free energy of formation values of all chlorinated and brominated phenols. These data and similar state-of-the-art datasets for halogenated benzenes and benzoates were then used to calculate two-electron redox potentials of halogenated aromatics for standard conditions and for pH 7. The results underline the need to take speciation into consideration when evaluating redox potentials at pH 7 and highlight the fact that halogenated aromatics are excellent electron acceptors in aqueous environments.
Introduction
The seminal observations by Tiedje and co-workers on microbial dehalogenation have profoundly altered our perception of biodegradability of halogenated compounds (Suflita et al. 1982) . We now know that anaerobic bacteria reductively dehalogenate a wide variety of organohalogens in a process called organohalide respiration, where organohalogens are used as electron acceptor by bacteria harnessing part of the energy released in the form of ATP (McCarty 1997; Farai et al. 2010; Leys et al. 2013) . Based on this information treatment processes have been developed for the biodegradation of various classes of organohalogens including halophenols (Field and SierraAlvarez 2008) . Insight in the microbial and thermodynamic logic behind the sequence of dehalogenation steps observed in these degradation processes (Dolfing 2003) requires an internally consistent set of data on the standard aqueous phase Gibbs free energy of formation Electronic supplementary material The online version of this article (doi:10.1007/s10532-014-9710-5) contains supplementary material, which is available to authorized users.
(DG f o ) and enthalpy of formation (DH f o ) values for all congeners. For chlorophenols such a data set is currently not available. A previous set of data for chlorinated phenols (Dolfing and Harrison 1992) lacked values for DH f o , thus precluding its use at temperatures other than 298.15 K. Also, with the advent of accurate quantum chemical calculation methods and readily available computer power it is now possible to generate data sets that are more accurate than those generated 20 years ago. The objectives of the present paper are therefore (i) to present a state-of-the-art data set of DG f o and DH f o values for chlorinated phenols, and (ii) to do the same for brominated phenols. Speciation of halogenated phenols is pH dependent, and potentially affects the energetics of the dehalogenation reactions (Dolfing et al. 2010) . Thus, our third objective is to outline the effect of pH on the change in Gibbs free energy for the reductive dehalogenation of halogenated phenols and on the redox potentials for the corresponding redox couples. In recent years Tang et al. (2010) and Sadowsky et al. (2013) have updated the existing database of thermochemical properties for halogenated aromatics with state-of-the-art quantum chemical information on chlorobenzoates and halobenzenes. The fourth objective of the present paper is to integrate these data into a consistent set of redox potentials for various classes of halogenated aromatics. There is currently considerable interest in the use of microbial fuel cells for waste treatment, including waste containing halogenated phenols (Strycharz et al. 2010; Huang et al. 2012 Huang et al. , 2014 . Rational design and implementation of such systems hinges on precise knowledge of the amount of energy present in the waste (Heidrich et al. 2011) . In addition to providing data for the prediction and rationalization of degradation pathways of various classes of halogenated aromatics in anaerobic environments (Dolfing 2003 ) the data presented here will allow a thermodynamic evaluation of the fraction of energy that is stored in the carbon-halogen bond of halogenated benzenes, benzoates and phenols.
Materials and methods

Computational methods
Ab initio quantum chemical calculations to estimate DH f o and S o values of phenol and all chlorinated and brominated phenol congeners were performed with the Gaussian 03 software, Revision E1 (Frisch et al. 2003) . The use of this software for thermochemical calculations is well established (Novak 2004) . The composite G3(MP2)/B3LYP method was used for calculation of total energies; the method (Baboul et al. 1999 ) has typical precision of 4 kJ/mol. The G3(MP2)/B3LYP method yields DG f o and DH f o values for the gas phase. For environmental applications data for the aqueous phase are generally more relevant. We therefore used the universal solvation model (Marenich et al. 2009 (Cox et al. 1989) . We have also calculated the appropriate total energies H mol , H at , G mol , G at in the water solvent which allowed us to deduce the solvation energy correction for gas phase data and thus convert DH f o (g) and
are given in Gaussian G03 manual (Frisch et al. 2003) . The amount of free energy available from a reaction is given by the relationship Thauer et al. 1977) . In aqueous solutions the standard state of all solutes is 1 mol/kg activity, that of water is the pure liquid. Under environmentally relevant conditions the concentrations of reactants and products are not 1 mol/kg. This is considered in DG 0 values. For a hypothetical reaction aA ? bB ? cC ? dD, DG 0 values are calculated by using the mass equation
The DG o0 value is obtained from the DG o value by making the appropriate corrections for pH 7 (Thauer et al. 1977) . DG f o values for inorganics were taken from Stumm and Morgan (1996) .
For example for the hydrogen driven reductive dehalogenation of chlorobenzene to benzene, that is for chlorobenzene ? H 2 ? benzene ? H ? ? Cl -:
Speciation and pH
Halophenols are weak acids, but stronger than phenol. In waste water weak acids are partially ionized and are in thermodynamic equilibrium with their conjugate bases. The notion that these species are in equilibrium implies that Gibbs free energy values for reactions where these compounds are reactants or products are calculated by using the DG f values of either the acid, with the formula
or the conjugated base with the formula
where a ¼ 10 ÀpH = 10 ÀpH þ 10 ÀpKa ð Þ (Dolfing et al. 2010) . DG f values for halobenzoates were calculated after Dolfing and Harrison (1992) as
Gibbs free energies of chlorinated benzenes Gibbs free energy of formation data for chlorinated benzenes in the aqueous phase (in kcal mol -1 ) were taken from Sadowsky et al. (2013) and converted to kJ mol -1 (1 kcal = 4.184 kJ). These values were used to calculate the change in Gibbs free energy for the reductive dehalogenation reactions as described previously (Dolfing and Harrison 1992) .
Redox potentials
Two electron reduction potentials were calculated after Thauer et al. (1977) (Stumm and Morgan 1996) and 1,000,000 is the multiplication factor to account for conversion of kJ to mV rather than J to V. This would yield reduction potentials of 654 and 861 mV for pH 0 and pH 7 respectively. For pH 7 the latter value still needs to be corrected for the redox potential of the H ? /H 2 redox couple, which is -414 mV at pH 7 (and indeed 0 at pH 0). Thus the redox potentials of the C 6 Cl 6 /C 6 Cl 5 H redox couple are 654 mV at pH 0 and 447 mV at pH 7 respectively.
Results and discussion
DG f o and DH f o values of chlorinated phenols
Quantum mechanical methods discriminate between conformers that are deemed to represent the same compound in the environment. For example, DG f o for syn-2-chlorophenol (2-chlorophenol) differs from DG f o for anti-2-chlorophenol (6-chlorophenol) (Supporting Information (SI) Table S1 ). This difference reflects the presence or absence of intramolecular hydrogen interaction (''bond'') between hydroxyl hydrogen and the halogen. In environmental chemistry this distinction between conformers is not made, because in the environment each congener is present in the conformation that has the lowest energy. In the supporting material DG f o and DH f o values for all 31 chlorophenol congeners are provided. In Table 1 we present DG f o and DH f o values for the environmentally relevant congeners. Table 1 shows the DH f o and DG f o values for all 19 environmentally relevant chlorophenols for both the gaseous and the aqueous phase. The DG f o values range between -75.7 and -137.9 kJ/mol for the gas phase and between -95.2 and -144.3 kJ/mol for the aqueous phase. These values are lower than those previously reported (Dolfing and Harrison 1992) . There is considerable scatter in plots of the new versus these ''old'' data ( and DG f o aq values of chlorinated phenols versus those of bromophenols illustrate that the effect of chloro substituents on the stability of compound is fundamentally different from that of bromo substituents (Fig. 4 ). This is due to the fact that chlorine is a more electronegative element than bromine, and because bromine is a larger atom, which will introduce steric Dolfing and Harrison (1992) repulsion (and hence destabilization) with neighboring substituents (be these substituents hydrogens, bromines or OH groups).
Reliability of calculated standard enthalpy of formation values of halophenols
The experimental standard enthalpies of formation in the gas phase for some halophenols and the parent phenol (Linstrom and Mallard 2012) were used to assess the reliability of our calculated values (Tables 1-2 ). We note that that agreement with experimental and calculated values for most chlorophenols is close to the stated uncertainty of 4 kJ/mol.
However, the discrepancy between calculated and experimental standard enthalpy for 2,4,6-tribromophenol (the only one for which DH f o had been reported) is much larger and suggests that the measured value (Linstrom and Mallard 2012) needs to be reassessed.
Halogenated phenols, speciation and pH pH affects the speciation of halophenols (Mun et al. 2008 ). Dissociation of a halophenol results in the formation of a halophenolate and hence a decrease in the concentration of the halophenol. The degree of dissociation depends on the pH and the pK a value of the halophenol congener (Dolfing et al. 2010) . Table 3 (chlorophenols) and SI Table 3 (bromophenols) list the DG f o values corrected for dissociation at pH 7 for chlorophenols and bromophenols, illustrating that the effect of dissociation is not necessarily negligible. This has implications for the energetics of the dehalogenation reaction. The pK a increases with decreasing degree of halogenation; this implies that deprotonation has a stabilizing effect on highly halogenated compounds. Ortho halophenols are more acidic than meta and para halophenols because of the large inductive effect of the halogen on the vicinal hydroxyl group (Han et al. 2004) . For the same reason the acidity of halophenols increases with the number of halogen substitutions (Table 3 and SI Table S3 ).
Redox potentials of halogenated phenols
With H 2 as electron donor reductive dehalogenation of halophenols is an exergonic process. Under standard conditions the change in Gibbs free energy values for reductive dehalogenation of chlorophenols and bromophenols are in the range of -104 to -129 kJ per mol chloride released and of -112 to -146 kJ per mol bromide released respectively. At pH 7 reductive dehalogenation is significantly more favorable than at Fig. 3 Effect of the number of halogen substituents on the Gibbs free energy of formation of chloro-and bromophenols pH 0 because protons are generated as reaction product, and because with increasing pH an increasing fraction of the phenols is deprotonated. The two electron reduction potentials naturally follow this drift (Table 4 for chlorophenols; SI Table S4 for bromophenols). A plot of the redox potentials of all redox couples for chlorinated phenols at pH 7 versus the corresponding redox potentials under standard conditions illustrates that compared to pH 0 pH 7 especially favors meta and para dechlorination over ortho dechlorination (Fig. 5) . A similar ortho effect was not observed for brominated phenols (data not shown).
Redox potentials of chlorinated benzoates
Chlorinated benzoates are the compounds with which Tiedje and co-workers made their seminal observations on microbial dehalogenation (Suflita et al. 1982) . (Tang et al. 2010 ) recently used quantum chemical methods (at the G3XMP2 level) plus a polarizable conductor model to estimate Gibbs free energy of formation values of chlorinated benzoic acids for both the gas and the aqueous phase. At pH 7 chlorinated benzoic acids are essentially fully deprotonated: their pK a values range between -3.3 and 3.6 (Tang et al. 2010) . (Dolfing and Harrison 1992) versus the values obtained by Sadowsky et al. (2013) ( Fig. 6b) shows a reasonably good correlation between the two approaches. A large part of the discrepancy between the two data sets appears due to the estimate for benzene itself, without any substituents. The scatter seems less than for the analogous comparison for chlorinated benzenes and benzoates (cf Fig. 1 and Fig. 6a ), suggesting that one of the major weaknesses Dolfing and Harrison (1992) b Calculated from values in Tang et al. (2010) using Eq. 4 ; E values are in mV. Values are based on Tang et al. (2010) with corrections for pH 7 calculated using Eq. 4 Biodegradation (2015) 26:15-27 23 of the group contribution method was the lack of detail of important interactions between the hydroxyl group and the halogen substituents in the case of the chlorophenols and between the carboxyl group and the halogen substituents in the case of the chlorobenzoates. The redox potentials for polyhalogenated benzenes range between 446 and 654 mV at pH 0 and between 239 and 447 mV at pH 7 respectively (Table 7) . The latter values are considerably lower than those listed by Sadowsky et al. (2013) . (2013) respectively; values obtained with group contribution methods are from Dolfing and Harrison (1992) . The dotted line in a is the 1:1 line; a trendline in a (not shown) would have R 2 = 0.76 ; E values are in mV. Values are based on Gibbs free energies in (Sadowsky et al. 2013 Fig. 1 and Fig. 6a ). Interestingly, this scatter was far less for the chlorinated benzenes (Fig. 6b) . Thus it appears that the group contribution method did especially poor for interactions between the carboxy and the hydroxy group on the one hand and the chloro substituents on the other hand. Another interesting observation is that the consensus Gibbs free energy value for benzene in the aqueous phase in the 1990s (32.0 kcal/mol; 133.9 kJ/mol) (Shock and Helgeson 1990) was considerably higher than the value recently calculated by Sadowsky et al. (1.7 kcal/mol; 7.1 kJ/mol) (2013).
Conclusions
The present comprehensive state-of-the-art dataset of enthalpy and Gibbs free energy of formation values of all chlorinated and brominated phenols makes it possible to calculate change in Gibbs free energy values and redox potentials for reductive dehalogenation of halogenated phenols in the aqueous phase at temperatures other than the standard temperature of 298.15 K, something that was not possible with the previously published dataset, which lacked the required enthalpy values. Other improvements include the incorporation of brominated phenols in the data set, and data for the speciation of halogenated phenols at pH 7. The effect of pH on speciation noticed above may affect which dechlorination reaction is energetically most favorable. Figure 7 shows an example where dechlorination of 2,3,5,6-tetrachlorophenol at the ortho position is more favorable than dechlorination at the meta position at pH 5 but not at pH 7. The data presented here illustrate that halogenated aromatics are excellent electron acceptors: the carbonhalogen bond represents a considerable source of energy. Developing technologies to harness the energy involved seems a worthwhile challenge, for example in microbial fuel cells (Huang et al. 2012) . Microorganisms per se have already developed this ability . The classical example of microbial energy generation by organohalide respiration was with 3-chlorobenzoate as electron acceptor (Dolfing and Tiedje 1987; Dolfing 1990; Mohn and Tiedje 1990 ). Since then a wide variety of organohalide respiring bacteria have been identified, including organisms that can grow with halogenated benzenes, benzoates and phenols as electron acceptor (Hug et al. 2013 ). The present data can be used to calculate the amount of energy that is potentially available to these organisms under in situ conditions. Another potential use of the present data-set is in evaluating the dehalogenation pattern of polyhalogenated aromatics. It has been observed for various classes of halogenated compounds, including chlorophenols, that the change in Gibbs free energy values can be used to rationalize dechlorination patterns, with the energetically most favorable reactions the most likely to occur (Dolfing and Harrison 1993; Dolfing 1995 Dolfing , 2003 , although here some restrictions apply: microorganisms and their metabolic machinery do not necessarily follow the thermodynamically predicted pathways, steric and other chemical factors may also play a role (Dolfing 2003) . A case in point is the often demonstrated preferred microbial ortho-dehalogenation of chlorophenols (e.g. Adrian et al. 2003; Utkin et al. 1995) , which is contrary to what would be expected if the Fig. 7 Effect of pH on the change in Gibbs free energy for the reductive dechlorination of 2,3,5,6-tetrachlorophenol to 2,3,5-and 2,3,6-trichlorophenol organisms would preferentially use the thermodynamically most favorable pathway. Thus dehalogenation of chlorophenols by dehalogenases in Dehalococcoides strain DCB1 and 195 and Desulfitobacterium dehalogenans JW/IU-DC1 is under kinetic control, in contrast to dehalogenation of chlorophenols by vitamin B 12s which appears to be under thermodynamic control. The latter conclusion was drawn in 1995 based on the thermodynamic data available at that time (Dolfing 1995) and still holds when the data presented in Table 4 are used for the evaluation.
